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a  b  s  t  r  a  c  t
The  effect  of  magnetic  ﬁeld  enhanced  plasma  immersion  ion  implantation  (PIII)  in  silicon  substrate  has
been investigated  at low  and  high  pulsed  bias  voltages.  The  magnetic  ﬁeld  in  magnetic  bottle  conﬁguration
was  generated  by two  magnetic  coils  installed  outside  the  vacuum  chamber.  The  presence  of both,  electric
and magnetic  ﬁeld  in  PIII  creates  a system  of  crossed  E  ×B ﬁelds,  promoting  plasma  rotation  around
the  target.  The  magnetized  electrons  drifting  in  crossed  E × B  ﬁelds  provide  electron-neutral  collision.eywords:
lasma immersion ion implantation with
agnetic ﬁeld
ilicon
agnetic mirror geometry
rossed E × B ﬁelds
Consequently,  the  efﬁcient  background  gas  ionization  augments  the plasma  density  around  the  target
where a magnetic  conﬁnement  is  achieved.  As a result,  the ion current  density  increases,  promoting
changes  in  the  samples  surface  properties,  especially  in  the  surface  roughness  and  wettability  and  also
an increase  of  implantation  dose  and  depth.
© 2012 Elsevier B.V. All rights reserved.. Introduction
Plasma immersion ion implantation is a widely used technique
or modiﬁcation of material surface properties of complex-shaped
hree-dimensional (3D) objects [1,2]. Basically, the sample to be
reated is placed on a sample holder and immersed in plasma, then
 negative high-voltage pulse of several kV is applied. The resul-
ant electric ﬁeld drives electrons away from the substrate in the
ime scale of the inverse electron plasma frequency ω−1ep . Thus an
on matrix sheath, which is a region depleted of electrons, forms
round the sample holder. The negatively biased substrate acceler-
tes the ions within a time scale of the inverse ion plasma frequency
−1
ip
towards the substrate and subsequently implants them into
he surface. For time scale on the order of several ω−1
ip
the ion ﬂux
uring the voltage pulse is maintained by the continual expansion
f the plasma-sheath edge until it eventually reaches the stationary
tate for t  ω−1
ip
, where the sheath thickness does not change with
he time. It is known that in order to apply the PIII technique suc-
essfully to complex-shape workpiece it is important to understand
he plasma sheath dynamics [2],  because it is responsible for the
nergies distribution of the implanted ions. Due to the importance
f the sheath in applications such as plasma technology and fusion
∗ Corresponding author.
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169-4332/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apsusc.2012.05.132research, there are several works on it [3–5] and at the present,
physics of the plasma sheath has received a considerable attention
[1–24].
There are some observations related to the sheath thickness in
PIII that are associated to the problems of dose distribution and
the depth of implantation. A uniform distribution can be achieved
if the sheath thickness in PIII is smaller compared with the work-
piece size, otherwise, conformal implantation cannot be ensured
[6]. In order to retain the sheath expansion, the choice of PIII pro-
cess parameters should be appropriate, such that, the combination
of lower bias voltage (a few kV) and shorter voltage pulses can help
signiﬁcantly to reduce the sheath expansion [7,8] ensuring the dose
uniformity on the target [9,10].  However, the depth of implantation
will be affected because it depends on the applied voltage. Another
way  to reduce the size of the sheath is to increase the gas pressure
during the PIII process. A higher gas pressure provides an increase
in plasma density and as a consequence, a reduction in the sheath
size can be obtained. However, a very high gas pressure can turn
the sheath thickness too small. It can cause electrical breakdown
at the sample surface that may  damage the power supply as well
as the surface itself [11,12].  In summary, conformal ion implanta-
tion with large implantation depth will not be possible under these
conditions (conventional PIII process).In order to overcome these limitations of the PIII process, one
should use additional techniques that can generate high-density
plasma capable to reduce the sheath thickness. In particular, the
use of magnetic ﬁeld can be considered to achieve this goal.
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wig. 1. Schematic diagram of the vacuum chamber with magnetic coil, sample
older, plasma source and the high voltage pulser.
reviously, applications of magnetic ﬁelds in PIII were attempted
or the suppression of secondary electrons [13]. In recent years,
 great deal of interest has arisen for the possibility of using the
agnetic ﬁeld for enhancing the PIII process [14–16].  Reports of
umerical simulation of system with crossed E × B ﬁelds in PIII
17–19] showed that the system of crossed E ×B ﬁelds enhanced
he PIII process due to the substantial increase of the plasma density
n the neighborhood of the target, resulting in a higher ion cur-
ent. This has also been experimentally proven in a previous work
20], where it was shown that incorporation of a magnetic ﬁeld in
III process rendered a considerable advantage over conventional
ethods.
In order to apply a PIII with magnetic ﬁeld in material treatment
t is necessary to understand the effect of magnetic ﬁeld on the ion
urrent. For example, very intense magnetic ﬁeld is not desirable in
III process, because it could strongly affect the ions trajectories to
he substrate [21] altering the normal incidence of the ions. There-
ore, it is required that rion/sheath size 1  in PIII with magnetic ﬁeld,
here rion is the ion radius in E × B ﬁelds.
In this paper, we report some preliminary results of the effects of
itrogen ion implantation in silicon samples (1 0 0) in the presence
f magnetic ﬁeld. The silicon samples were characterized using dif-
erent diagnostics, including scanning electron microscope (SEM),
tomic force microscopy (AFM), water contact angle and Auger
lectron spectroscopy (AES).
. Experimental procedures
The experimental arrangement of PIII with magnetic ﬁeld is
hown in Fig. 1. The experiment was carried out in a cylindrical
acuum vessel with 38-cm length and 26-cm diameter. For gener-
tion of the axial magnetic ﬁeld, two magnetic coils were mounted
n the PIII chamber. The coils were arranged on the outer surface
f the plasma chamber to form a magnetic ﬁeld with the magnetic
ottle conﬁguration. Magnetic ﬁeld coils were fed by a dc source
apable of producing Icoil current of up to 30 A. However, due to
he problem of coil heating, it was limited to operate at current
f 11.5 A, leading to magnetic ﬁeld strength of 40 G on the target
urface. This magnetic ﬁeld is sufﬁcient for conﬁning the electrons
nside the vacuum chamber [20]. Before the implantation process,
he magnetic ﬁeld proﬁle inside the vacuum chamber was mapped
n the axial direction using a gaussmeter WALKER model MG  3D.
he reference point of the probe position was placed in r ≈ 0 cm
nd z ≈ 19 cm.  This place corresponds to the center of the chamber
here the magnetic trap Bz has its minimum value. This point was
hosen to coincide with the place where the target is positioned.
Nitrogen ion implantation was carried out on polished silicon
ith (1 0 0) orientation. We  used 0.5 mm thick, 1.5 cm × 1.5 cmScience 258 (2012) 9564– 9569 9565
pieces of Si wafer polished and subsequently chemically cleaned
in ultrasound with acetone and deionized water just before their
insertion into the vacuum chamber. Four samples were mounted on
each side in the middle of the 16 cm long sample holder (cross sec-
tion 2.0 cm × 2.0 cm)  and then placed inside the PIII chamber. It was
pumped using a system of mechanical and diffusion pump to a pres-
sure of 5.0 mPa. Later, nitrogen gas was admitted into the system
reaching working pressure of 0.64 Pa. The negative voltage with
two  different amplitudes of 3 kV and 10 kV was provided by a hard
tube (HT) pulser and applied to the sample holder. The pulse param-
eters were kept constant throughout the experiments with pulse
width of 40 s and repetition frequency of 300 Hz. The implanta-
tion time was 30 min. The total current on the target was measured
with a Rogowski coil. The characteristic voltage and current wave-
form were recorded using a digital oscilloscope Tektronix model
TDS360 for further analysis.
Silicon samples, before and after, the ion implantation were
analyzed using different characterization techniques. AFM mea-
surements were carried out to analyze surface topography and
roughness (Rq). The AFM images were obtained by a NanoScope V
microscope, operated in tapping mode. A scanning area of 1.0 m
× 1.0 m was used. Water contact angle was  measured by the ses-
sile drop method on a standard Ramé-Hart goniometer, model 290.
The volume of each drop was 2 l, and the average value of con-
tact angle was acquired by measuring at four different positions on
each sample. Surface morphologies were observed by SEM using an
electron beam of 5.0 keV energy, scanning area of 1.0 mm × 1.0 mm
with magniﬁcation of 10,000×,  and scanning time of 100 s. A high
resolution AES analysis, using the equipment from FISONS Instru-
ments Surface Science, model MICROLAB 310-F, was performed,
to provide the percentage of the elemental concentrations in the
treated samples.
3. Results and discussion
Before the PIII treatment, the axial component Bz of magnetic
ﬁeld was  mapped inside the chamber and a nonuniform distribu-
tion with a minimum magnetic ﬁeld (Bmin = 40 G) on the center of
the sample holder surface was  obtained. The highest current den-
sity in relation to the case without magnetic ﬁeld is expected in the
center of sample holder as shown in a previous work by numeric
simulation (see Ref. [20]).
To ensure an adequate analysis of the results achieved with the
different characterization techniques it is necessary to consider the
total current proﬁle. So, the current proﬁles during this process
at the treatment conditions given above were considered and are
shown in Figs. 2 and 3. We  can note from Fig. 2 that a very high
current was  obtained at low voltage of 3 kV, where an increase of
current greater than 650 % compared to the case without magnetic
ﬁeld was observed. In the case of high voltage of 10 kV (see Fig. 3),
the current increase was about 50 %. The difference between the
total current in the high and low voltage regime can be attributed
to the different sheath width (in both cases). For low applied voltage
the sheath edge is nearer to the sample surface than at high voltage.
So, for low voltage, the electrons in the region of presheath feel
more intense magnetic ﬁeld. Consequently, electrons are trapped
by the magnetic ﬁeld allowing an effective conﬁnement in azimutal
and axial direction. In turn, the electrons drifting in crossed E × B
ﬁelds collide with the neutral gas, and in this way, more efﬁcient
ionization that contributes to the increase of the plasma density is
attained.
On the other hand, at 10 kV the sheath edge is located 5 cm
far from the holder and the electrons in the presheath experience
weaker magnetic ﬁeld. In this case, the electron axial conﬁnement
9566 E.J.D.M. Pillaca et al. / Applied Surface Science 258 (2012) 9564– 9569
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Table 1
Characterization of silicon samples before and after treatment. Samples were
implanted at bias voltage of 3 kV with and without magnetic ﬁeld.
Condition Rq (nm) Water contact angle (at ◦)
Unimplanted 0.26 67.3 ± 0.1ig. 2. Time-dependent current proﬁles at a gas pressure of 0.64 Pa and magnetic
eld of 40 G at applied voltage of 3 kV under a pulse duration of 40 s and a pulsing
requency of 300 Hz.
s less efﬁcient [20] and the increase of the local plasma density
odest.
Only a part of the total current (Itotal) shown in Figs. 2 and 3
s actually implanted into the sample because it is the sum of the
econdary electron (Ise) and ionic current (Ii) as
total = Ise + Ii (1)
We can estimate the average ion current from Figs. 2 and 3
ccording to the relation
i =
Itotal
 + 1 (2)
here  is the coefﬁcient of emission of secondary electron from
tainless steel. The obtained average ion current is about 0.5 A at
 kV and 0.3 A at 10 kV taking into account  = 1.85 and  = 3.4 for
tainless steel, respectively [22]. According to the results, the ion
urrent at low voltage remains slightly higher than the one at high
oltage..1. SEM characterization
SEM analysis was performed to investigate the surface mor-
hology of the unimplated and implanted samples. The untreated
ig. 3. Time-dependent current proﬁles at a gas pressure of 0.64 Pa and magnetic
eld of 40 G at applied voltage of 10 kV under a pulse duration of 40 s and a pulsing
requency of 300 Hz.Implanted without B 0.16 93.6 ± 0.6
Implanted with B 0.33 101.6 ± 0.4
sample was  characterized with a ampliﬁcation of 10,000×,  and the
results are shown in Fig. 4. The SEM-image of the surface shows
several regions with formation of oxide on the untreated samples.
Probably this was caused by the air–substrate interaction before
the PIII though efforts had been made to protect the samples from
the environment oxidation. For PIII with 3 kV of voltage, oxide lay-
ers were not longer seen on the image of the sample. In addition,
we noted a clean surface throughout the length of scan. This same
situation is also repeated in all samples implanted at high voltage
(10 kV) with and without magnetic ﬁeld where multiple analysis
with high magniﬁcation were carried out.
3.2. AFM characterization
The effect of nitrogen implantation on substrate surface was
investigated using AFM. In Table 1 are presented the root-mean-
square (Rq) values for each AFM test for samples implanted at bias
voltages of 3 kV. Before carrying out ion implantation, the sample
roughness of Rq = 0.26 nm was measured over an area of 1.0 m
× 1.0 m.  It is observed in Table 1 that after conventional nitro-
gen implantation, Rq decreases about 38%. In this case, the sample
surface became smoother. However, samples implanted with appli-
cation of 40 G magnetic ﬁeld, Rq increased to 0.33 nm,  meaning two
times more in relation to the conventional PIII case.
The result obtained by AFM for PIII in high voltage (10 kV) indi-
cates that roughness value is similar to the case of low applied
voltage, as reported in Table 1. This roughness value increases from
0.16 nm to 0.29 nm when the magnetic ﬁeld is applied during the
implantation.
The roughness reduction on samples surface after ion implan-
tation without magnetic ﬁeld at both applied voltage of 3 kV and
10 kV suggests that the oxide layers on the surface were removed,
as shown by SEM results. On the other hand, in order to under-
stand the roughness increase after PIII treatment with magnetic
ﬁeld, one should take into account that in magnetic mirror geome-
try a high ion current can be obtained [20]. Also, when B is present
the ion trajectories deﬂect from the normal incidence, thus enhanc-
ing the surface sputtering. So, the increase of Rq when samples are
implanted with magnetic ﬁeld can be related to both above men-
tioned effect. For the case of low applied voltage (3 kV), due to high
ion current present, ions hitting the target surface at not normal
incidence cause the increase of Rq. Similar effect is also noticed in
the case of high voltage (10 kV) although the ion current is a little
lower.
3.3. Water contact angle
To analyze the effect of ion implantation on the surface wetta-
bility, contact angle measurements were performed. In Table 1 we
present the water contact angle (WCA) obtained on the samples
at applied voltage of 3 kV. Before nitrogen implantation, contact
angle measurement of the standard sample was  67.3◦. This value
increased up to 93.6◦ with conventional PIII. The increase of WCA
after ion implantation may  be explained by the cleaning of the sam-
ples surface promoted by the sputtering process that removes the
oxidized surface layers as observed by SEM. Applying a magnetic
ﬁeld (40 G), WCA  further increases, reaching values greater than
E.J.D.M. Pillaca et al. / Applied Surface Science 258 (2012) 9564– 9569 9567
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Table 3
Results of retained dose from the AES proﬁle shown in Figs. 5 and 6 for bias voltage
of  3 kV and 10 kV.
Condition 3 kV 10 kVig. 4. Surface morphology observed by SEM with ampliﬁcation of 10,000×. (a) Unt
f  magnetic ﬁeld of 40 G.
00◦. Increase of the angle value (in Table 1) indicates that the sur-
ace was further modiﬁed due to surface bombardment by nitrogen
on. The surface roughness of a material has an important role on the
ontact angle value. This issue was discussed in the work of Wen-
el [24] where relationship between roughness and wettability of
aterials was established. The increase of contact angle for PIII with
agnetic ﬁeld can be related to the results obtained by AFM anal-
sis shown in Table 1. These results indicate that the enhanced
oughness alters the contact area between the liquid drop and the
urface, resulting in higher values of WCA  in case of PIII with B.
Results of contact angle measured for voltage of 10 kV are
eported in Table 2. For the case without magnetic ﬁeld, the value
f 92.3◦ was measured. An increase of about 3.0◦ in this value was
easured when the magnetic ﬁeld is applied. We  can note that
oth samples implanted with and without magnetic ﬁeld show very
lose WAC  values. This result is consistent with the smaller increase
f the surface roughness found by AFM and shown in Table 2 in the
ase of 10 kV pulses. In summary, the contact angles combined with
he surface roughness values show a tendency of increasing when
III with magnetic ﬁeld is used.
.4. AES characterization
AES measurements were carried out to determine the concen-
ration of elements in the implanted samples as a function of depth
t pulse voltages of 3 and 10 kV. AES proﬁles in Figs. 5 and 6 show
ome contaminants in the PIII process. Besides nitrogen (N), ele-
ents such as, oxygen (O) and iron (Fe) were also found at different
tomic concentrations.
The AES proﬁles for the implanted samples at voltage of 3 kV
re shown in Fig. 5. In the standard implantation, the nitrogen AES
roﬁle shows a peak located around 10 nm reaching penetration
epth up to 30 nm.  However, for the sample treated with magnetic
eld, AES proﬁle shows a smaller area (Fig. 5(b)) and shallow depth
n relation to the conventional PIII. This result means a lower dose,
s show the retained dose (RD) estimated from AES proﬁle [25] and
ummarized in Table 3.
A possible explanation for this ﬁnding is that the angle of
ons incidence is affected at low voltage when magnetic ﬁeld was
able 2
haracterization of silicon samples before and after treatment. Samples were
mplanted at bias voltage of 10 kV with and without magnetic ﬁeld.
Condition Rq (nm) Water contact angle (at ◦)
Unimplanted 0.26 67.3 ± 0.1
Implanted without B 0.16 92.3 ± 0.4
Implanted with B 0.29 95.6 ± 0.6Implanted without B 0.10 × 1017cm−2 0.23 × 1017cm−2
Implanted with B 0.06 × 1017cm−2 0.36 × 1017cm−2
applied during the ion implantation. At low voltage (3 kV) the
plasma edge is near to the target where the Bz is higher. The ions
execute Er × Bz drift and they are extracted from the plasma enter-
ing the sheath with large u velocity. This results in deviation in
the ion normal incidence on the target and enhance sputtering.
A indirect proof of this is the higher presence of Fe concentration
after the implantation with magnetic ﬁeld. Probably, the iron atoms
comes from the sample holder that was also subjected to intense
sputtering during the PIII process.
SRIM computer package [28] was  used in order to analyze
the behavior of depth of implantation as a function of ions inci-
dence on the Si sample. Here, 50,000 molecular ion N+2 with
3 keV of energy was  used. According to SRIM, the value of sput-
tering yield per implanted ion was similar to that for the case
of 10 kV (about 0.8 atoms/ion). On the other hand, the change of
the angle of incidence modiﬁes the number of the atoms sput-
tered by each ion implanted. SRIM shows that increasing the
incidence angle the sputtering yield increases too, as observed
in Table 4. Other consequence due to incidence angle change
is the decreased of the the depth of implantation as shown
in Fig. 7. This behavior is consistent with the result shown in
Fig. 5(b).
All these results helps to understand better the results obtained
by the AFM characterization, where, rougher surfaces were found
under the same conditions of treatment with and without magnetic
ﬁeld (see Table 1).
For voltage of 10 kV, nitrogen AES proﬁles in Fig. 6(a) show a
peak of N concentration of 20% around 12 nm with penetration
depth of 40 nm.  This maximal N percentage is about the same when
a magnetic ﬁeld is applied. However, the position of the maximum
of N ion concentration is displaced. The implanted nitrogen atoms
penetrate until depth of approximately 60 nm.  This means a differ-
ence of 20 nm in relation to the case without magnetic ﬁeld. With
Table 4
SRIM results of the sputtering yield as a function of the incidence angle of the ions
N+2 . Calculations were carried out for 50,000 nitrogen molecular ions with 3 keV of
energy.
Degree (at ◦) 0 10 20 30
Sputtering yield (atoms/ion) 0.76 0.71 0.79 1.02
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Fig. 5. Compositional proﬁle in silicon (1 0 0) substrate after nitrogen implantation at bias voltage of 3.0 kV. Atomic concentration was calculated from the AES characterization.
(a)  Without magnetic ﬁeld. (b) With magnetic ﬁeld.
Fig. 6. Compositional proﬁle in silicon (1 0 0) substrate after nitrogen implantation at bias v
(a)  Without magnetic ﬁeld. (b) With magnetic ﬁeld.
Fig. 7. Behavior of the depth of implantation versus the incidence angle obtained by
SRIM computer package. Calculations were carried out for 50,000 ion N+2 and 3 keV
of  energy.oltage of 10 kV. Atomic concentration was calculated from the AES characterization.
application of magnetic ﬁeld an RD of about 0.36 × 1017 cm−2
is obtained which is 1.5 times larger in comparison with the case
without magnetic ﬁeld (0.23 × 1017 cm−2) (see Table 3). Such a
high dose and larger penetration depth reached by nitrogen atoms
can be explained by the increase of the plasma density which leads
to high ion ﬂux (see e. g. Ref. [20]). Other factor that increase the
depth of implantation is the decrease of molecular ion N+2 of the N
+ /
N+2 ratio due to electron impact dissociation of N
+
2 . Usually, without
magnetic ﬁeld the N+ / N+2 ratio in typical gas discharge conditions
is about 1/10 or 1/5 [26]. However, this relative concentrations can
change since they depend on the experimental conditions. Consid-
ering that magnetic ﬁeld changes the ratio of atomic and molecular
ions in our experiment, the higher implantation dose shown in
Fig. 6(b) can be explained. This result can also help to understand
the deeper N implantation [27].
One can see that the oxygen atoms are present at almost the
same atomic concentration (about 30%) in both samples implanted
at low and high voltages. The maximum O concentration is
observed near surface, diminishing gradually with the depth. Oxy-
gen implanted in Si samples comes from the residual gas remaining
in the vacuum chamber. This type of contamination is always
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resent in the PIII process due to water vapor absorbed on the wall
f the PIII systems.
Considering the high atomic concentration of Fe at voltage
f 3 kV, this value is reduced dramatically by using high energy
10 keV) where the iron concentration falls to about 1% for PIII treat-
ent with and without magnetic ﬁeld. This means that at 10 kV the
puttering process is insigniﬁcant and the increase of the ion cur-
ent in magnetic ﬁeld enhanced PIII and change of N+ / N+2 ratio
esult in higher retained dose. This performance is favorable for
any applications in materials science and engineering. However,
he case with 3 kV PIII although accompanied by intense surface
puttering can be interesting for application requiring surfaces with
igh contact angle due to high roughness.
. Conclusion
We have presented experimental results of PIII in silicon sam-
les in the presence of magnetic ﬁeld. Silicon samples were
mplanted with nitrogen atoms and the effect of the magnetic ﬁeld
n their surface properties was analyzed. The results obtained in
his study reveal a series of changes in the Si surface with interesting
haracteristics. We  found that surface morphology was modiﬁed,
esulting in larger roughness and water contact angle. Further-
ore, it was also possible to increase the dose and the depth of
mplantation by a factor of 1.5 in the case of sample implanted at
igh energy. The results obtained in this work show that PIII with
agnetic ﬁeld can have important applications in material treat-
ents. In this sense, to improve the implantation dose and depth
t is necessary to increase the magnetic ﬁeld and bias voltage. Such
onsiderations will be part of our future work.
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